Abstract MicroRNAs (miRs) are small non-coding RNAs that confer robustness to gene networks through posttranscriptional gene regulation. Previously, we identified miR-338 as a modulator of axonal outgrowth in sympathetic neurons. In the current study, we examined the role of miR-338 in the development of cortical neurons and uncovered its downstream mRNA targets. Long-term inhibition of miR-338 during neuronal differentiation resulted in reduced dendritic complexity and altered dendritic spine morphology. Furthermore, monitoring axon outgrowth in cortical cells revealed that miR-338 overexpression decreased, whereas inhibition of miR-338 increased axonal length. To identify gene targets mediating the observed phenotype, we inhibited miR-338 in cortical neurons and performed whole-transcriptome analysis. Pathway analysis revealed that miR-338 modulates a subset of transcripts involved in the axonal guidance machinery by means of direct and indirect gene targeting.
Introduction
The cerebral cortex is a highly laminated and parcellated brain structure harbouring an intricate network of neuronal circuitries. The correct functioning of the cortex depends on the precise formation of its neural network architecture. In addition, several neurological disorders such as intellectual disability, schizophrenia and epilepsy display distinct alterations in cortical structure and circuitry [1] [2] [3] [4] [5] . One critical step in the neurodevelopmental processes which underlie the formation of the cortex, involves the outgrowth of dendrites and axons to form functional cortical networks [6] . Neural network formation is tightly regulated by a set of both intrinsic and extrinsic factors and understanding how these factors are involved in modulating the gene networks during cortical development is key for understanding neurodevelopmental disorders.
MicroRNAs (miRs) have emerged as a class of evolutionarily conserved small non-coding RNAs (ncRNAs) that regulate gene expression post-transcriptionally. Due to their relatively small binding sequence, a single miR can interact with multiple downstream mRNAs, while a single mRNA can be regulated by several miRs, enabling a single miR to convey robustness to an entire gene network with shared physiological roles [7] [8] [9] [10] . Due to these assets, miRs represent a particularly vital group of gene network regulators. Importantly, a growing number of experiments have thus far identified a critical role for individual miRs in orchestrating the tightly Electronic supplementary material The online version of this article (doi:10.1007/s12035-016-9925-z) contains supplementary material, which is available to authorized users. regulated gene expression required to direct cortical development. These investigations have shown that the activity of single miRs can be critical in controlling neurodevelopmental aspects such as neurogenesis [11] , neuronal migration [12] , axon and dendrite development [13, 14] , and ultimately synapse formation [15] and neuronal plasticity [16, 17] . Furthermore, a growing body of evidence suggests that even slight aberrations in miR activity can be detrimental to neuronal function [18] [19] [20] .
Previously, miR-338 has been shown to play a critical role in a number of cell differentiation processes [21, 22] . For example, miR-338 is encoded intronically within its host gene, the apoptosis-associated tyrosine kinase (AATK), a gene implicated in neuroblastoma differentiation and the control of axon and dendrite outgrowth in cortical neurons [23] [24] [25] . In addition, miR-338 is enriched in the axons of sympathetic neurons [26] and is capable of locally modulating mitochondrial activity by regulating cytochrome c oxidase, subunit IV (COXIV) in the distal parts of axons [27] . Since neurite outgrowth is crucial for regeneration, miR-338 may be of critical importance in the treatment of neurological diseases. Notably, miR-338 was upregulated in blood leukocytes as well as in cerebrospinal fluid, serum, and spinal cord of amyotrophic lateral sclerosis (ALS) patients [28] . Furthermore, its genomic region is frequently altered in neuroblastoma with mRNA targets encoding proteins involved in cell proliferation, neuroblast differentiation, neuroblast migration and apoptosis [29] .
While most of the studies on miR-338 have been reported in cells from the peripheral nervous system, miR-338 is known to be broadly expressed in the central nervous system (CNS) including the cortex [30] . Accumulating evidence indicates that this miR and its host gene AATK are involved in axonal outgrowth and differentiation [24, 27] . However, little is known about its role in the differentiation and development of cortical neurons. In the present study, we examined the role of miR-338 in acting as a modulator of differentiation of cortical neuronal cells. Collectively, our results reveal the impact of miR-338 on normal cortical neuronal development, and identify miR-338 as a controller of genes within the axon guidance pathway through direct or non-canonical targeting of downstream transcripts. Among these we found Roundabout, axon guidance receptor, homolog 2 (Robo2) as one of the direct miR-338 targets. Through collective regulation of these axon guidance genes, we place miR-338 as a vital regulator of dendrite development and axonal growth.
Material and Methods
Animals Embryonic day 18 (E18) embryos from timedpregnant Wistar rats (Harlan laboratories B.V., Boxmeer, The Netherlands) were used as a resource for the isolation of primary cortical neurons. Animals were housed 2-3 per cage with ad libitum food and water access with a 12 h light cycle at controlled ambient temperature (21 ± 1°C). All animal use, care and experiments were performed according to protocols approved by the Committee for Animal Experiments of the Radboud University Nijmegen Medical Centre, Nijmegen, The Netherlands.
Cell Culture HEK-293T cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) high glucose (4.5 g/L) (Life Technology, Grand Island, NY) supplemented with 10 % foetal bovine serum (FBS) (Life Technology, Grand Island, NY) and penicillin-streptomycin (Pen/Strep) antibiotic mixture (Life Technology, Grand Island, NY). The cells were maintained at 37°C and 10 % CO 2 . Primary cortical neurons were isolated from E18 rat embryonic brains. The cortical region was isolated and placed in ice-cold Hanks' Balanced Salt solution (HBSS) containing 2 mmol/L GlutaMAX (Life Technology, Grand Island, NY) and Pen/Strep antibiotics. Cortical tissue was washed two times with the HBSS washing buffer before adding a 0.025 % trypsin in HBSS solution followed by incubation at 37°C for 15 min. After incubation, the tissue was washed three times with the HBSS washing buffer before adding Neurobasal (NB) medium (Life Technology, Grand Island, NY) supplemented with 10 % FBS and 2 mmol/L GlutaMAX. The tissue was titrated several times with a glass Pasteur pipette, this treatment was repeated with a fire-polished tip glass Pasteur pipette to obtain fully dissociated cells. Separated cells were seeded in cell culture plates, which were coated overnight with 0.1 g/L, mol wt 70, 000-150,000 poly-D-lysine (PDL) (Sigma-Aldrich, St. Louis, MO). For the first 5 h, the cells were cultured in medium containing NB medium with 10 % FBS and 2 mmol/L glutaMAX. Afterwards, the medium was replaced with culturing medium containing NB with the serum free neural supplement B27 (Life Technology, Grand Island, NY) and 2 mmol/L glutaMAX. For culturing pure axonal fractions, microfluidic chambers were prepared by firstly ethanol cleaning the chambers. After the chambers were completely dry, they were placed on PDL coated coverglasses (Hecht Assistent, Sondheim von der Rhön, Germany). The chambers were subsequently filled with 100 μL of NB medium containing 10 % FBS and 2 mmol/L GlutaMAX. This was done at least one day before seeding the cells such that any formed bubbles will be removed. A seeding density of 100,000 cells per chamber was used. All neuronal cell preparations were maintained at 37°C and with 5 % CO 2 .
DNA Constructs and Transfection
The miR-338-sponge vectors were made by designing DNA oligonucleotides (Sigma-Aldrich, St. Louis, MO) as previously described [16, 31] . miR Sponge sequences were designed to contain four complementary artificial binding sites for miR-338-3p (Table 1) . Presynthesized DNA oligonucleotides were ligated 3′ to the stop codon of the cDNA-encoding eGFP of the lentiviral pFUGW vector (Addgene, Cambridge, MA) using restriction sites BsrGI and EcoRI. Luciferase vectors containing the 3′ UTRs of putative miR-338 targets were generated by cloning long DNA oligonucleotides (so-called gBlock fragments) (IDT, Leuven, Belgium) (Table 2) between the SacI and SalI restriction sites of the pmirGLO DualLuciferase miRNA target expression vector (Promega, Madison, WI). For Argonaute2 (Ago2) pulldown assays the pIRESneo-FLAG/HA Ago2 vector (Addgene, Cambridge, MA) was used (plasmid # 10822, previously described [32] ). All DNA constructs were sequenced to validate their correct identity.
Transfection of primary neurons and mammalian cells was performed using the Screenfect A transfection agent (Genaxxon, Ulm, Germany), following the protocol provided by the manufacturer. In brief, Screenfect A together with either the anti-miR-338 (Exiqon, Vedbaek, Denmark), miR-338 mimic (Qiagen, Germantown, MD) or a corresponding nontargeting (NT) scrambled control were diluted in the provided dilution buffer in order to achieve a final concentration of 30-60 nM. The mixture was applied to the adherent primary neurons and left to incubate at 37°C for no longer than 24 h. For transfection of HEK-293T cells, ±50,000 cells/cm 2 were first trypsinized, mixed with nucleotide/Screenfect A complexes, and after incubating for 20 mins, the cells were seeded on cell culture plates. For lentivirus production HEK-293T cells were transfected using the CaCl 2 method. The viral particles were produced and purified as previously described [33] . The purified viral pellets were resuspended in 100 μL calcium-and magnesium-free HBSS. For infecting primary neurons, ±0.5 μL/cm 2 of concentrated virus was added to the cultures. If a lower infection rate was needed the virus was diluted 10-20 times before adding to the primary neuronal cultures.
Luciferase Assay HEK-293T cells were detached using trypsin and transfected with 75 ng Dual-Glo luciferase vector carrying the appropriate gene 3′ UTR together with 30 or 60 nM miR-338 mimic, anti-miR-338 or a NT control. After addition of the transfection mixture the cells were seeded in 96-well plates. Twenty-four hours after transfection, the cells were used for detection of the luciferase bioluminescence using the Dual-Glo luciferase assay system (Promega, Madison, WI) according to the provided protocol and as previously described [34] . The cells and all the reagents were placed at room temperature to ensure a stable luciferase signal before measuring. For bioluminescence detection, a Victor2 multilabel plate reader (Perkin Elmer, Waltham, MA) was used. Luciferase data was normalized by measurement of renilla luminescence activity (encoded within the pmirGLO DualLuciferase miRNA target expression vector) by addition of the Dual-Glo Stop & Glo reagent.
RNA Isolation, Reverse Transcription and Real-Time PCR Total RNA from primary neurons was isolated using the miRNAeasy kit (Qiagen, Germantown, MD), according to the manufacturer's manual which allows for the preservation of both the small RNA and mRNA fraction. RNA purity was determined using the Nanodrop ND1000 (Thermo Scientific, Waltham, MA) UV-spectrophotometer. The 260/ 280 nm ratios were measured and samples with ratios of 2.0 ± 0.05 were considered pure. This was followed by RNA integrity assessment with a 1 % agarose gel imaged with the Gel doc XR system (Bio-Rad, Hercules, CA). Samples showing clearly visible S28 and S18 ribosomal RNA bands were considered to be intact. cDNA was synthesized from isolated RNA according to the protocol provided with the revertAid First Strand cDNA Synthesis Kit (Fermentas, Life Technologies, Waltham, MA). To reverse transcribe small RNAs, the miScript reverse transcription kit (Qiagen, Germantown, MD) was used. Following cDNA synthesis, samples were diluted 1/10 with water. Quantitative real-time PCR (QRT-PCR) detection of mRNA transcripts was performed using the SensiFAST SYBR No-ROX kit (Bioline, London, UK) or the miScript SYBR green PCR kit (Qiagen, Germantown, MD) for the detection of mature miRs according to the manufacturer's manual. See Table 3 for the genespecific primers that were used. Data were normalized to housekeeping genes (β-actin and U6) using GeNorm software [35] .
Immunoprecipitation HEK-293T cells were detached and 500,000 cells were transfected with 1 μg pIRESneo-FLAG/ HA Ago2 vector together with either 30 nM miR-338 mimic, 30 nM anti-miR-338 or 30 nM of a NT control. The transfected cells were seeded in 6-well culture plates. The Ago2 immunoprecipitation assay was performed largely as described previously [36] , with some minor differences. After 2-3 days of culture, cells were lysed at −80°C for 1 h with 0.5 mL lysis buffer (10 % glycerol, 20 mM Tris (pH 8), 0.2 mM EDTA, 0.5 % NP-40, 0.5 M KCl, 1 mM DTT, supplemented with Complete mini EDTA-free protease inhibitors (Sigma-Aldrich, St. Louis, MO) and 1 u/μL RiboLock RNase inhibitor (Thermo Scientific, Waltham, MA)). Cell lysates were centrifuged for 10 mins at 12,000×g. To the supernatant 20 μL anti-Flag M2 agarose beads (Sigma-Aldrich, St. Louis, MO) was added and incubated for 2 h at 4°C under gentle agitation. The beads were washed 3 times with lysis buffer followed by elution with 1 mg/mL Flag peptide (sequence DYKDDDDK) (Sigma-Aldrich, St. Louis, MO) in 10 % glycerol, 20 mM Tris (pH 8), 0.2 mM EDTA, 0.5 % NP-40, 0.1 M KCl, 1 mM DTT supplemented with protease and RNAase inhibitors. RNA was isolated from the eluate using the miRNAeasy kit as described above. Equal concentrations of RNA were used for cDNA synthesis.
RNA Sequencing and Bioinformatics Analyses RNA sequencing (RNA-seq) was performed on samples obtained from primary cortical neurons transfected with either an antimiR-338 or a NT scrambled control RNA (Exiqon, Vedbaek, Denmark) at days in vitro (DIV) 2. RNA was isolated at DIV 6 from three separately generated samples and subsequently pooled to generate one sample for each condition. RNA quality was determined by acquiring the ribosomal integrity number (RIN) using a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA), revealing a RIN of above 9.0 for all samples. The samples were subsequently processed further by Hudson Alpha Institute for Biotechnology (Huntsville, AL, USA). Sequencing was performed on two separate flow cells with a total of more than 30 million 50 bp reads per sample. The generated sequencing data was mapped, assembled into genes and analysed using the Genesifter genetic analysis software (Geospiza, Perkin Elmer, Seattle, WA). Normalization was based on the total number of mapped reads and the RPKM (reads per kilobase per million mapped reads) expression threshold was set at 10. Gene expression changes would be considered statistically significant with a p value ≤ 0.001 determined with the likelihood ratio test and Benjamini and Hochberg correction for multiple testing. Gene ontology (GO) and clustering analysis was performed on significantly up and downregulated genes using the DAVID database for functional gene annotation and KEGG pathway mapping [37, 38] . For GO term clustering of the annotated genes a high stringency setting was used. miR-338 binding sites were identified within the 3′ UTR of genes using DIANA-microT v5.0 algorithm [39] . This program combines both conserved and nonconserved binding sites for each target transcript and combines it to calculate a final prediction score. The higher the prediction scores the lower the likelihood for a false positive target. For our analysis we used a threshold of 0.6.
Immunolabelling and Imaging For immunocytochemistry, cells were fixed with warm (37°C) 4 % PFA and 16 % sucrose in PBS for 30 min. After washing with PBS (3 × 5 min at RT) cells were incubated for 15 min at RT with 50 mM NH 4 Cl to quench residual aldehydes. Cells were washed (3 × 5 min at RT), permeabilized with 0.1 % Trixon X-100 for 5 min at RT, incubated with 2 % BSA (ICN Biomedicals Inc., Santa Ana, CA) in PBS for 30 min at RT to block nonspecific staining, and were incubated with the primary antibodies in 2 % BSA in PBS. Incubation in primary antibodies was done overnight at 4°C. Subsequently, cells were washed in 2 % BSA in PBS (3 × 5 min) and incubated in speciesspecific, Alexa-conjugated secondary antibodies in 2 % BSA in PBS for 30-60 min at RT, washed in 2 % BSA in PBS (3 × 5 min), and washed (3 × 5 min) in PBS containing fluorescent DAPI (Sigma-Aldrich, St. Louis, MO at 1:3000). The coverslips were mounted in Prolong Gold (Invitrogen). Primary antibodies included chicken anti-GFP (Abcam, Cambridge, UK at 1:500), mouse anti-MAP2 (SigmaAldrich, St. Louis, MO at 1:1000), rabbit anti-Robo2 (Sigma-Aldrich, St. Louis, MO at 1:500). Secondary antibodies included Alexa488 goat anti-chicken (Molecular Probes, Life Technologies, Grand Island, NYat 1:500), Alexa568 goat anti-mouse (Molecular Probes, 1:500) and Alexa488 goat anti-rabbit (Molecular Probes, Life Technologies, Grand Island, NY at 1:500). Staining of DIV 3 or DIV 6 neurons cultured in microfluidic chambers was done with acti-stain 488 fluorescent phalloidin according to the provided manufacturer's protocol (Cytoskeleton Inc., Denver, CO). The microfluidic chambers were removed before staining. Images from axon chambers were made by capturing multiple higher magnification micrographs followed by matching and stitching together individual images to generate overview panels of large sections from each chamber. Fluorescent images of the neurons and brain slices were obtained using a Leica DMRA fluorescence microscope fitted with a DFC340 FX CCD camera (Leica, Wetzlar, Germany) or a Leica TCS SP2 AOBS Confocal Laser Scanning Microscope (CLSM) (Leica, Wetzlar, Germany).
Western Blot Primary cortical neurons were transfected at DIV 2 with NT control, miR-338 mimic or anti-miR-338 RNA. Cells were homogenized at DIV 6 with ice-cold lysis buffer (50 mM Tris [pH 8.0], 150 mM NaCl, 1 % Triton X-100, and protease inhibitors). Samples were subjected to Western blot analysis and specific bands were detected using rabbit anti-Robo2 (Sigma-Aldrich, St. Louis, MO at 1:1000) and mouse anti-TUBB3 (Covance, Princeton, NJ at 1:4000).
Neuronal Morphology Analysis The fluorescent images were randomized and analysed in a blinded fashion. For Sholl analysis, images of DIV 21 cortical neurons infected at DIV 6 were taken with a Leica DMRA fluorescent microscope using a ×20 optical zoom. One pixel wide concentric circles originating from the somatic centre were placed over fluorescent neurons using ImageJ software. The intersecting dendrites with each circle were quantified. Axons were measured from panels consisting of stitched together images using the ImageJ plugin, NeuronJ [40] . All axons from an entire chamber were measured from the dotted white line depicted in Fig. 3c, d and averaged. For dendritic spine analysis, spines were imaged using a CLSM with an optical zoom of ×63. Secondary dendritic segments, branching of primary dendrites (originating from the soma) were selected for analysis. Neuronstudio software was used to quantify spine density per dendritic segment and determine the spine head length and diameter [41] .
Statistical Analysis Quantitative data are presented as the mean ± s.e.m. Non-paired two-tailed Student's t test was used to determine significant differences between two groups. Oneway ANOVA with Bonferroni's multiple comparison testing was used to analyse significant differences between multiple groups. p ≤ 0.05 was considered significant.
Results

MiR-338 Affects Dendritic Complexity and Axon Outgrowth in rat Cortical Neurons in Vitro
To investigate the extend of miR-338 to modulate cortical neuronal differentiation, we first examined its expression levels in rat cortical neurons growing in vitro. In a previous study, we have shown that the expression of this miR in developing primary hippocampal neurons is dynamically regulated [34] , however, little is known about the developmental pattern of miR-338 expression in cortical neurons. Towards this end, total RNA was isolated from dissociated primary cortical cultures at eight different neuronal maturation time points, namely DIV 0, 1, 3, 6, 10, 14, 18, and 21 (Fig. 1a) . qPCR analysis revealed that miR-338 is expressed relatively early at DIV 0 and 1. Two distinct peaks in miR-338 expression levels were detected at DIV 3 and DIV 18, when the level of this miR increased approximately fourfold as compared to miR-338 expression at DIV 0. After miR-338 levels peaked, its expression returned to significantly lower levels at DIV 6 and DIV 21 to approximately 1.8-fold of DIV 0 levels. These results suggest that miR-338 is abundantly and dynamically expressed during the growth of cultured cortical neurons. Since these expression peaks correspond to extensive neurite growth and spine development in vitro, we studied whether miR-338 is involved in these processes. We generated a miR-338 repressing (sponge) lentivirus allowing long-term and efficient repression of miR-338 (Fig. 1b) . The construct contains four complementary miR-338 sequences within the 3′ UTR of a GFP gene, with each binding site having a central mismatch previously shown to increase the efficiency of miR repression [31, 42] . qPCR analysis of RNAs from primary cortical neurons infected with this miR-338 sponge revealed a significant reduction of miR-338 (Fig. 1c) . To test whether endogenous miR-338 has the capacity to modulate dendrite development, we performed the Sholl analysis on mature DIV 21 cortical neurons infected with the miR-338 sponge lentivirus (Fig. 1d, e) . Neurons in which miR-338 was inhibited showed a significant decrease in dendritic sprouting (mean 5.344 ± 0.240 versus 6.7 ± 0.333 number of intersections at 20 μm distance from the soma; p = 0.0015), as compared to neurons expressing only GFP (Fig. 1e) . Fig. 1 miR-338 inhibition reduces dendritic complexity in primary rat cortical neurons. a Relative expression of miR-338-3p levels determined by qPCR in primary cortical neurons isolated at several developmental time points starting from 0 days in vitro (DIV 0) to DIV 21. Data represents relative fold change as compared to miR-338-3p expression at DIV 0, with error bars ± s.e.m. One-way ANOVA with Bonferroni multiple comparison test, n = 3 independent experiments with three different samples each; **p < 0.001, ***p < 0.0001. b Schematic overview of the miR-338 sponge design to allow for long-term specific sequestering of miR-338-3p. The human ubiquitin c promoter (UbC) promoter driven lentiviral miR-338 sponge construct contains four complementary binding sites for miR-338-3p (highlighted in green blocks) within the 3′ UTR the GFP gene. Here, it is also shown how the sponge sequence is designed to interact with the mature miR-338-3p, containing a three-nucleotide bulge to prevent the degradation of the sponge mRNA and an arbitrary four-nucleotide long linker region between each miR-338 binding site. c qPCR analysis of miR-338-3p levels of DIV 8 primary cortical neurons infected with a GFP control or the miR-338 sponge at DIV 1. miR-338-3p expression levels were normalized to U6 with the control set to one. Two-tailed unpaired Student's t test, n = 3 samples from independent experiments; *p = 0.0282. d Representative micrographs of DIV 21 primary cortical neurons used for the Sholl analysis infected with either control GFP or miR-338-sponge lentivirus at DIV 6. e Quantification of dendritic arborisation using Sholl analysis of neurons infected with either control (black line) or miR-338 sponge (blue line) lentivirus. Data represents the mean with error bars ± s.e.m. Two-tailed unpaired Student's t test, n = 30-33 cells collected from three independent experiments Furthermore, cortical neurons infected with a miR-338 sponge exhibited a decrease in dendritic arborisation as revealed by an exacerbated decrease in the number of intersecting dendrites at 40 and 60 μm distance from the soma compared to control-infected neurons. No difference in dendritic complexity was identified in cortical neurons younger than DIV 16 (data not shown), a developmental time point preceding the highest miR-338 expression levels at DIV 18 (Fig. 1a) . miR-338's capacity to influence dendrite development led us to analyse the number and morphology of dendritic spines of DIV 21 cortical cells infected with the miR-338 sponge. Morphological analysis of the dendritic spines revealed that miR-338 inhibition failed to alter spine density (mean 0.77 ± 0.06 control vs. 0.75 ± 0.07 miR-338 sponge spines per μm; p = 0.8254) (Fig. 2a, b) , while it increased spine head diameter (mean 0.52 ± 0.008 control vs. 0.68 ± 0.016 miR-338 sponge μm wide spines; p = <0.0001) (Fig. 2c ) and spine length (mean 1.287 ± 0.03 control vs. 1.596 ± 0.05 miR-338 sponge μm long spines; p = <0.0001) as compared to control GFP-infected neurons (Fig. 2d) . miR-338 was previously observed to attenuate axon growth and function in sympathetic superior cervical ganglia neurons [21] . Furthermore, our qPCR expression study showed that miR-338 has an expression peak in cortical cells after 3 days in culture (Fig. 1a) , which coincides with extensive morphological maturation, including increased axon growth and development [43] . To assess the role of miR-338 on axonal outgrowth in cortical cells, we aimed at rapidly and acutely altering miR-338 expression levels in young cortical cells. Since the lentiviral miR-338 sponge acts too slow for sufficient expression inhibition to take place at these earlier time points, we opted to use short miR-338 mimics and anti-miR-338 locked nucleic acid (LNA) oligonucleotides to acutely alter miR-338 levels in developing cortical neurons. In previous studies we revealed that miR-338 mimics and inhibitors are able to significantly increase or decrease miR-338 expression levels within 48-72 h after transfection, respectively [21, 34] . To complement these findings, human embryonic kidney (HEK) 293 cells were transfected with FLAG-tagged Ago2 togeth er with miR-33 8 m imic or a nti-miR-33 8. Immunoprecipitation of the RNA bound to FLAGtagged Ago2 2 days after transfection, followed by RNA isolation and qPCR analysis revealed that miR-338 mimic increases whereas anti-miR-338 decreases Ago2 bound miR-338 as compared to a NT scrambled control oligonucleotide (Fig. 3a, b) . This finding suggests that transfection of cells with a miR-338 mimic increases; whereas the anti-miR-338 decreases incorporation of mature miR-338 into the RNA induced silencing complex (RISC). To study axon growth in cortical neurons, we used microfluidic chambers, which allowed us to readily trace the extensive network of growing axons [44] . Primary cortical cells were transfected at DIV 2 with miR-338 mimic or anti-miR-338, and after phalloidin staining, axon length was measured at DIV 3 and DIV 6 (Fig. 3c, d ). Compared to a NT control, miR-338 overexpressing neurons exhibited an attenuated axon growth at DIV 3 and DIV 6 (mean of 25.5 % decrease at DIV3 and a mean of 39.3 % decrease at DIV6, p = <0.0001; Fig. 3e, f) , whereas inhibiting miR-338 increased axon outgrowth (mean of 54.2 % increase at DIV 3 and a mean of 31.7 % increase at DIV 6, p = <0.0001; Fig. 3e, f) . Together, these results emphasize previous observations on the impact of miR-338 alterations on axonal outgrowth in sympathetic superior cervical ganglia neurons [21] . 
miR-338 Regulates the Expression of Axon Guidance Genes
miRs have the capacity to regulate multiple downstream mRNA transcripts, enabling them to refine specific gene networks that control a variety of cellular functions [45, 46] . Previous findings have suggested that regulation by a miR results in mRNA degradation of the vast majority of its target genes [47] . To identify the miR-338 regulated downstream gene networks controlling neuronal development, we performed deep-sequencing of the transcriptome of primary cortical neurons in which miR-338 was inhibited (Fig. 4a) . In light of our in vitro neurite outgrowth findings, we opted for the use of DIV 6 primary cortical neurons since there is a high degree of ongoing neurite outgrowth at this time point. To rapidly and acutely inhibit miR-338 function, DIV 2 cortical neurons were transfected with the anti-miR-338. Anti-miR-338-mediated inhibition resulted in the differential expression of 854 genes with 536 downregulated and 318 upregulated transcripts at DIV 6 using a p value cut-off of 0.001 (Fig. 4b) . To reveal the corresponding gene networks associated with the inhibition of miR-338, we performed functional gene annotation and clustering analysis using DAVID on the total pool of significantly altered genes. This gene ontology (GO) analysis revealed a large number of miR-338 modulated genes involved in neurite development. The annotation cluster with the highest score (8.64, using a high clustering stringency) consists of six GO terms with the most significant being Fig. 3 miR-338 attenuates axonal outgrowth in cultured cortical neurons. a, b qPCR analysis of miR-338-3p levels in FLAG-tagged Ago2 pull-down samples isolated from HEK-293T cells co-transfected with a miR-338 mimic or b anti-miR-338 compared to non-targeting (NT) controls. c, d Representative images of growing axons stained with phalloidin from DIV 6 cortical neurons cultured in microfluidic chambers transfected at DIV 2 with miR-338 mimics, anti-miR-338 or NT controls. Axon bundles were measured from the white dotted line. e, f Quantified average axonal length of e DIV 3 and f DIV 6 neurons during overexpression (30 nM miR-338 mimic) or inhibition (30 nM anti-miR-338) of miR-338 relative to a NT-transfected control (30 nM). Bars represent mean relative values to control with error bars ± s.e.m. Twotailed unpaired Student's t test, axons measured from n = 3 chambers per condition; ****p < 0.0001 Fig. 4 Transcriptome analysis shows that miR-338 regulates a subset of genes involved in axon growth. a An experimental outline of the transcriptome analysis in cortical neurons transfected with anti-miR-338, or NT control oligonucleotides followed by RNA sequencing (RNA-seq) 3 days post transfection. The sequencing data was analysed using DAVID functional annotation and GO term clustering. b A pie diagram depicting the number of significantly (p < 0.001) upregulated (blue) and (orange) downregulated genes. c Gene ontology based clustering by DAVID showing the annotation cluster with the highest enrichment score (8.64 ). Presented are the GO term processes, the number of assorted genes clustered within each category and the corresponding p value. d Top 10 significant canonical KEGG pathways with the number of associated molecules. e A list of significantly upregulated axon guidance genes identified with the KEGG pathway analysis. It shows the gene symbol, full gene name, the fold change increase, the associated p value identified with RNA sequencing and whether or not it has a putative miR-338 binding site identified by DIANA. f qPCR validation of the upregulated axon guidance genes identified by RNA sequencing. Data represents the relative to control mean fold change with error bars ± s.e.m. Two-tailed unpaired Student's t test, n = 3 samples from independent experiments; **p < 0.01, ***p < 0.001 and ****p < 0.0001 neuron projection development, with a p value of 3.70E-07 (Fig. 4c) . This finding suggests that miR-338 has the capacity to control a set of neurodevelopmental genes either by directly binding to these transcripts or by secondary downstream regulation. Based on previous findings that miRs can regulate sets of genes functionally connected within a single pathway [48, 49] , we employed a KEGG (Kyoto Encyclopedia of Genes and Genomes) analysis to map altered miR-338 mediated transcripts into distinct gene pathways. This inquiry identified several enriched canonical pathways as summarized in Fig. 4d . Among the putative miR-338 mediated gene pathways identified, the axon guidance pathway was found to be the most significant with a calculated p value of 4.40E-4, containing 17 up-or downregulated axon guidance genes. To further identify direct miR-338 targets within this pathway, we filtered out the eight (of the total of 17) significantly upregulated axon guidance genes as a consequence of miR-338 inhibition (Fig. 4e) . To further define miR-338 regulated transcripts, the computational miR seed prediction algorithm DIANA-microT v5.0 was utilized to identify putative miR-338 binding sites within the eight axon guidance genes. A cut-off threshold of at least 0.6 or higher was used, where a higher score means a lower amount of false positives [50] . Furthermore, the identified binding sites needed to be conserved between mouse and rat. This analysis resulted in the identification of one binding site within the 3′ UTR of Robo2 and two binding sites in Rock2 (Rho-associated protein kinase 2) (Fig. 4e) . qPCR validation confirmed the upregulation of all of the selected axon guidance genes (control vs., Pak6 p = 0.0046, Robo2 p = <0.0001, Ucn5c p = 0.0002, Ablim3 p = 0.002, Rock2 p = <0.0001, Ngef p = 0.002 and Pak1 p = 0.0046) identified by RNA sequencing (Fig. 4f) . These results suggest that miR-338 has the capacity to alter the expression of several axon guidance genes either by directly or indirectly interacting with downstream target transcripts.
miR-338 Regulates Robo2 Gene Expression
To further pinpoint miR-338 targets responsible for the miR-338 induced neurodevelopmental phenotypes, we set out to identify consensus miR-338 regulatory sequences within the 3′ UTRs of the RNA sequencing determined putative target genes. Although initial luciferase reporter assays revealed that the 3′ UTR of Rock2 is not directly regulated by miR-338 (data not shown), we further examined Robo2 as a potential direct miR-338 target since it contains a conserved miR-338 binding site within its 3′ UTR (Fig. 5a ) and its mRNA levels were upregulated in miR-338 repressed cortical cells, as identified by RNA sequencing and qPCR (Fig. 4e, f) . In order to pinpoint miR-338 regulation sites within the 3′ UTR of Robo2, we performed luciferase gene activity assays using a luciferase vector carrying the 3′ UTR of Robo2 containing the putative miR-338 binding site. The Robo2 3′ UTR luciferase reporter construct was co-transfected with a miR-338 mimic or a NT control into HEK cells to assess whether increased miR-338 levels result in decreased luciferase activity. Adding the 3′ UTR of Robo2 led to a significant 24 % decrease in luciferase activity compared to NT-transfected control (Robo2 3′ UTR NT control vs. miR-338 mimic, p = <0.0001) (Fig. 4b) . Furthermore, miR-338 inhibition by transfection of anti-miR-338 inhibitor caused an increase of 13 % (NT control vs. anti-miR-338 30 nM, p = <0.0001) and 40 % (NT control vs. anti-miR-338 60 nM, p = <0.0001) in luciferase activity in a dose-dependent manner as compared to the NTtransfected control (Fig. 5b) . To show that this modulation by miR-338 is due to direct association with the binding site residing in the 3′ UTR of Robo2, we generated a luciferase reporter construct in which the 7-mer seed sequence for miR-338 was entirely deleted. This mutation abolished miR-338-induced regulation both during overexpression and inhibition of miR-338 (Fig. 5b) , showing that miR-338 can directly bind to the 3′ UTR of Robo2 and that the seed sequence located at nucleotide positions 542-548 is essential for regulation to take place. To examine whether miR-338 can regulate Robo2 mRNA levels, primary cortical neurons were transfected with 50 nM miR-338 mimic or 50 nM anti-miR-338 inhibitor at DIV 2 followed by RNA isolation at DIV6 and subsequently qPCR analysed. This analysis revealed a bidirectional regulation of Robo2 during miR-338 modulation (Fig. 5c) . Overexpression of miR-338 resulted in a significant decrease of 28 % in Robo2 mRNA levels, compared to a NTtransfected control (NT control vs. miR-338 mimic, p = 0.0106), while inhibition of miR-338 led to a significant 40 % increase in Robo2 mRNA levels (NT control vs. antimiR-338, p = 0.0023). This outcome indicates that miR-338 regulation of Robo2 is due to mRNA destabilization resulting in the degradation of the transcript. To investigate whether the effect of this regulation is also detectable at the protein level, protein samples were extracted from DIV 6 primary cortical cells either overexpressing or underexpressing miR-338 (transfected at DIV 2). As expected, a bidirectional regulation was observed with a 27 % decrease (NT control vs. miR-338 mimic, p = 0.0037) and 48 % increase (NT control vs. antimiR-338, p = 0.0003) in Robo2 protein during miR-338 overexpression and inhibition compared to the control, respectively (Fig. 5d) . To further examine the regulation of Robo2 by miR-338, we asked whether gain-or loss-of-function of miR-338 could modulate Robo2 protein expression. To study this, we utilized the same protocol used in the experiments described above where DIV 6 cortical cells were transfected with an NT control, miR-338 mimic or anti-miR-338 inhibitor, followed by fluorescently labelling Robo2 protein.
Overexpression of miR-338 resulted in a significant 26 % decrease (NT control vs. miR-338 mimic, p = 0.0146), while inhibition of miR-338 led to a 32 % increase of Robo2 protein (NT control vs. anti-miR-338, p = 0.015) (Fig. 5d ). In conclusion, these data show that miR-338 targets the 3′ UTR of Robo2 and post-transcriptionally regulates its expression in cortical neurons.
Discussion
This study provides evidence that miR-388 is important for dendrite formation and axon outgrowth during cortical neuronal development. The dendrites of cultured cortical neurons were significantly less complex when miR-338 activity was inhibited, while the length and diameter of the dendritic spines were increased. Furthermore, miR-338 inhibition in cortical neurons resulted in longer axons, while increasing miR-338 levels reduced axon growth. In addition, whole-transcriptome analysis of cultured cortical neurons in which miR-338 activity was inhibited identified a large set of upregulated transcripts involved in neuronal development. Pathway-based gene clustering pointed towards a significant enrichment of axon guidance genes, of which we found Robo2 to be a direct miR-338 target. Together, our observations support the idea that manipulating miR-338 expression levels induces changes in neurite outgrowth of cortical neurons, suggesting that this miR actively participates in the promotion of neuronal development.
We assessed the underlying mechanism of miR-338 regulation in neuronal cortical development by identifying its target genes. This approach provided a global view of alterations to the transcriptome during miR-338 inhibition. Our studies suggest that miR-338 is involved in the post-transcriptional regulation of neurite growth by steering cortical neurons towards dendritic growth while decreasing axon growth. Indeed, our analysis of miR-338 targets identified a large number of genes involved in axon or dendrite growth and development pathways. In keeping with these findings, we have previously demonstrated that miR-338 is involved in controlling axonal outgrowth in sympathetic neurons by regulating the local levels of a number of nuclear-encoded mitochondrial proteins in the axons, such as COXIV and ATP5G1 [21, 27] . Moreover, we have shown that in rat hippocampal Fig. 5 miR-338 regulates Robo2. a In silico identified miR-338-3p-binding site in the 3′ UTR of Robo2 conserved in mouse and rat. Both the type of seed sequence binding and the nucleotide position within the 3′ UTR are shown. Nucleotides depicted in blue are complementary (connected with a blue line), while nucleotides in red are not complementary to miR-338-3p. Nucleotides forming a wobble base pair are connected with a blue dot. b HEK-293T cells transfected with luciferase reporter constructs containing the 3′ UTR fragment of Robo2 (black bars), in which overexpression led to a decrease, while a dose-dependent inhibition of miR-338 increases the luciferase activity compared to the NT control (dotted black line). A miR-338 seed mutant (red bars) did not respond to miR-338 modulation. n = 4 independent experiments with 4-8 samples per repetition. c-e Cortical neurons were transfected with 50 mM NT control, miR-338 mimic or an anti-miR-338 at DIV 2 and analysed at DIV 6. b Relative Robo2 mRNA levels in cortical neurons assessed by qPCR during miR-338 overexpression and inhibition, compared to a NT control. n = 4 samples from independent experiments. c Immunoblot of Robo2 protein of samples isolated from cortical neurons transfected with NT control, miR-338 mimic or anti-miR-338 with its corresponding band intensity quantification. For Robo2, the intensity of the lower ∼150 kDa band was measured, indicated with the red arrow. TUBB3 (tubulin, beta 3 class III) served as loading control. n = 3 samples from independent experiments. d Immunostaining of MAP2 (red), Robo2 (green) and the overlay in primary cortical neurons transfected with NT control, miR-338 mimic and anti-miR-338. Average cell intensities collected from n = 3 samples from independent experiments. Data represents mean fold change with error bars ± s.e.m. One-way ANOVA with Bonferroni multiple comparison test; *p < 0.05, **p < 0.01, ***p < 0.001 neurons, miR-338 can directly target the 3′ UTR of its host gene, encoding AATK [34] , a kinase that plays a critical role in neuronal differentiation and axon outgrowth [23, 24] . However, the capacity of miR-338 to destabilize AATK mRNA in cortical cells at early developmental stages was not confirmed using transcriptome analysis of cortical neurons. This confound could be due to the different cell types or AATK regulation of miR-338 could be mediated at a different neurodevelopmental stage. The study presented here suggests that miR-338's action to modulate neuronal outgrowth and differentiation is mediated by direct and indirect regulation of several axonal guidance pathway genes, such as Robo2, since miR-338 overexpression results in Robo2 mRNA degradation and its subsequent translational diminution.
Previously, Robo2 has been identified as a receptor important in stimulating axon growth [51] . Furthermore, Robo2 knock-out studies have shown exacerbated neuronal progenitor cell division and enhanced neuronal migration towards the cortical plate, as well as an increase in the outgrowth of neurite processes of migrating neurons [52, 53] . These findings are largely in line with the observed effect of miR-338 on process growth and branching, and may at least be partly attributed to the modulation of Robo2 levels. This and other studies suggest that miR-338 has multiple downstream targets with converging roles in neural growth and development. Furthermore, it has also become increasingly clear that miRs can modulate gene expression in an indirect manner [54, 55] . This noncanonical gene regulation could be facilitated by directly regulating the expression of transcription factors, RNA binding molecules, components of the nonsense-mediated mRNA decay pathway or modulate the activity of the RNA translation system [54, 56, 57] . In light of this, we predict that direct and indirect regulation of axon guidance genes, including Robo2, contribute to miR-338's guided control of cortical development.
Accumulating evidence indicates that post-transcriptional mechanisms involving miRs are essential for the regulation of cortical development. Our data demonstrate a critical role of miR-338 during neurite development of cortical neurons, and further supports the notion for a tight temporal regulation of this miR's expression for proper function in this process. Nevertheless, due to the extensive expression of miR-338 throughout the development of cortical cells, we suspect that miR-338 modulates gene expression at multiple steps of cortical development, which could be indicative of a multitude of neurodevelopmental functions for this miR.
The miR-338 target Robo2 is cooperatively involved with other axon guidance genes in axon development and could be responsible for the observed miR-338 cellular phenotypes. However, additional direct and indirect targets of miR-388 are likely to contribute as well. Indeed, miR-338 inhibition resulted in the altered expression of a relatively large number of axon guidance genes. This emphasizes the need to delineate the significance of the full spectrum of genes regulated by miR-338 at a particular time and place in order to understand how these targets collectively contribute to the assigned function of miR-338 in cortical neuronal development.
